TTA especially with the filtering of higher frequencies in cables longer than 3.2 m resulting in increased signal
determination with these short probes.
Time-domain methods employ a step voltage that propagates down a low-loss coaxial line, transitioning through fittings, multiplexers, and other lossy connec-T ime domain reflectometry is gradually becoming tions resulting in cumulative system losses acting as a one of the most accurate and reliable measurement low-pass filter that tends to spread the frequency conmethods for concurrent determination of bulk pertent of the return signal seen by the TDR. The signal mittivity (ε b ) for water content and bulk electrical contransition from the cable to the soil in the probe head ductivity ( b ) in soils and other porous media (Jones is where the major mismatch in impedance occurs. Robinson et al., 2003b) . However, even at reflection from the end of the probe forms multiple moderate soil b levels (typically at b ෂ 2 dS m Ϫ1 ) reflections that result in a build-up of the waveform attenuation of the TDR signal degrades the ability to amplitude illustrated in Fig. 1 . These undesirable losses determine water content from TTA of the waveform in the system combine with electrical and dielectric ( Fig. 1) . The attenuation in soil is complex and proporlosses we are interested in measuring in the soil. The tional to b , probe length, clay content and mineralogy, total attenuation measured in the waveform at low freand water content. An alternative to travel time deterquencies (long distances) yields information on the soil's mination of the bulk dielectric permittivity (ε b ) is offered b , but separation of the undesirable losses is difficult. by transformation of the TDR waveform from the time Castiglione and Shouse (2003) recently demonstrated a to frequency domain, which is not based on waveform difference reflection calibration method scaling b mea-TTA. The key for implementation of such an approach surements between an open and short-circuit of the is the potential use of very short TDR probes (e.g., TDR probe that removes unwanted system losses from Ͻ10 cm, Jones and Or, 2001) . Reduced probe length the measurement of b . leads to increased measurement error using standard
The extent to which electrical and even dielectric losses influence the measured bulk permittivity is not Abbreviations: DFFT, discrete fast Fourier transform; EM, electromagnetic; NAM, network analyzer measurement; RFA, resonant frePublished in Soil Sci. Soc. Am. J. 68:1568 Am. J. 68: -1577 Am. J. 68: (2004 .  Soil Science Society of America quency analysis; S 11 , scatter function; SFF, scatter function fitting; TDR, time domain reflectometry; TTA, travel time analysis. 677 S. Segoe Rd., Madison, WI 53711 USA 1. Increased b leads to reduced ε: Both conductive and imaginary losses identified by Topp et al. (2000) were suggested to reduce the real component of the water phase dielectric in soil. From a physical standpoint the reduction in the static permittivity in pure water in the presence of ions may arise from the hindered rotational nature of neighboring water molecules (Hasted et al., 1948) . 2. Increased b leads to constant ε: A number of studies have looked, at least in part, at the effects of b on measured permittivity, revealing no significant influence on the measurement in soils (Topp et al., 1980; Dalton et al., 1984 accumulation of ions at interfacial surfaces (Hilhorst, 1998) . tracted using TDR. We examined the following specific experimental methods: (i) transformation of the TDR Harlow et al. (2003) found increased permittivity (due waveform to the frequency domain via Fourier analysis, to faster travel time) for b up to 5 dS m Ϫ1 but saw no and (ii) using shorter TDR probes to reduce signal attensignificant increase between 5 and 40 dS m Ϫ1 using a time uation. Theoretically, we sought to improve time to fredomain transmission technique. Lin (2003a) modeled quency transformation by (i) comparing a ramping algoincreasing relative permittivity as a function of increasrithm as a substitute for waveform differentiation and ing b in a parametric study using the Debye (1929) (ii) testing an alternative system input function for derivequation. Despite more than 20 yr of TDR measurement ing the scatter function without the need for removable research in soils, conductive, and imaginary loss effects probe conductors (rods). on dielectric measurements have not appeared significant in the relatively low b range of measurement THEORY (Ͻ2 dS m
Ϫ1
). Extending the b range for measurements of permittivity by an order of magnitude or more using Appropriate transformation of a TDR waveform from the the technique proposed here or others will increase the time to the frequency domain yields the scatter function (S 11 ). The theoretical aspects of the transformation have been depossibility of an observable influence by ion concentrascribed in detail previously (Heimovaara et al., 1994; Friel and tion on the measured permittivity. It isn't certain what Weerts et al., 2001; Huisman et al., 2002) and are this effect will be given the complex interactions and only briefly reviewed here. As a TDR input signal, v 0 (t ), tracompeting phenomena described above.
verses the waveguide (assumed coaxial), the response function, Recent research has focused on the information conr(t ), represents interactions between the applied electromagtent of the TDR waveform both in the time and frequency netic (EM) field and the sample. These interactions are sumdomains. A multi-section transmission line modeling apmarized by the time-domain system response, s(), described proach for simulating TDR waveforms was shown to proby the following convolution integral (van Gemert, 1973) vide information on the soil's characteristic impedance (Feng et al., 1999) . Other investigators have demon-
[1] strated how model parameters inferred in the frequency domain may provide information on frequency-depenwhere is the variable of integration and s() is dependent dent permittivity and electrical conductivity (Heimoupon the cable, connectors, and coaxial sample holder and vaara et al., 1994; Friel and Or, 1999; Weerts et al., 2001;  may be determined using fluids having a known response Lin 2003a Lin , 2003b . Information on electrical conductivfunction. The DFFT reduces the convolution theorem integral to an algebraic written in terms of the frequency-dependent ity, relaxation frequency, and dielectric permittivity paresponse, R( f ), system, S 11 ( f ), and input, V 0 ( f ), functions rameterize models used to describe the frequency-de- 
where is the reflection coefficient described as
in which z ϭ z c /z p is the impedance ratio of the cable, z c , and probe, z p , and where ␥L is the transverse electromagnetic (TEM) mode propagation constant written as
in which L (m) is the probe length, c (m s
) is the speed of light and ε*(f) may be described by the Debye (1929) model Cole and Cole (1941) in size from 15 to 2 cm in length were used to obtain waveforms in Millville silt loam soil. Shorter probes are more effective in maintaining dielectric information based on the second reflection, which preserves critical scatter function features in the fre-
quency domain.
waveform measured in soil that is typically measured using TTA under non-saline conditions. Using DFFT v o and r are where ε s is the static dielectric permittivity, ε ∞ is the permittivconverted to the frequency domain where their ratio gives the ity at infinite frequency, f rel is the dielectric relaxation frescatter function (S 11 ). This transformation process along with quency of the material, ε 0 is the permittivity of free space the scatter function fitting (SFF) and resonant frequency anal-(8.854 ϫ 10 Ϫ12 F m Ϫ1 ), dc is the electrical conductivity and ␤ ysis (RFA) are discussed in the following. (0 Յ ␤ Յ 1) is a parameter added by Cole and Cole (1941) to describe the spread in relaxation frequency which tends Waveform Acquisition to increase as the complexity of the mixture increases (e.g.,
The waveform characteristics used for frequency domain minerals, biological materials). For pure liquids with a single analysis are a function of the sampling frequency and the total relaxation frequency such as water or ethanol, ␤ is zero renumber of data points collected. Waveform transformation sulting in the original Debye (1929) model. and processing requires accounting of distances or time associated with the discrete data from the time domain for proper
MATERIALS AND METHODS
transformation to the frequency domain. Each screen or window of the Tektronix 1502B or 1502C is divided into 10 divi-
Experimental
sions and contains a total of 251 points or pixels per window A Tektronix 1502B cable tester (Tektronix Inc., Beaverton, (pw). The process of collecting multiple waveforms may be OR) was used to obtain time domain reflectometry (TDR) automated using TDR control and analysis software and waveforms. Waveforms were collected and analyzed using newer TDR devices may contain up to 2048 data points per WINTDR99, an analysis software package (http://soilphysics. window (Robinson et al., 2003b) . The distance per division usu.edu/wintdr), which communicates with the TDR cable (dd) setting on the Tektronix 1502 adjusts the apparent wintester through an RS232 interface . Timedow length, which for a distance per division setting of 0.25 m domain reflectometry probes were used for measurements and 10 divisions per window (dw) is 2.5 m. Measurement of solutions with a known dielectric constant (19-cm coaxial frequency bandwidth, f B , and sampling frequency, f s , are two probe) and in a saturated sand and a saturated Millville silt important considerations for establishing the measurement loam soil (coarse-silty, carbonatic, mesic Typic Haploxerolls) protocols in the time domain. The frequency bandwidth is (three-wire probes of length 2, 3, 6, 10, and 15 cm, see computed from the rise time of the reflection, t r , as f B ϭ 0.35/ Fig. 2 ). Probe lengths were determined using the automated t r (Oliver and Cage, 1971) . The sampling frequency of the length calibration procedure in WINTDR99. Distilled water, measurement gives an indication of the measurement resoluethanol, and octanol-1 were used as test solutions in a coaxial tion, computed as cell maintained at 25ЊC in a circulating water bath. Potassium chloride solutions of 0, 3, 6, 12, 18, and 24 dS m Ϫ1 were used
to saturate the sand (bulk density, b , ϭ 1.5 Mg m Ϫ3 ) and in Millville silt loam soil ( b ϭ 1.4 Mg m Ϫ3 ) where concentrations where c is the speed of light in a vacuum, the 2 accounts of 36 and 48 dS m Ϫ1 were also used. A network analyzer (HP for travel back and forth and V p is the relative velocity of 8752C) with an HP 85070B dielectric probe attached was used propagation (set to 0.99). The frequency bandwidth lies beto measure real and imaginary permittivity of KCl (3 dS m Ϫ1 ) tween f s and the minimum frequency, f min , calculated from the saturated Millville silt loam soil ( b ϭ 1.4 Mg m Ϫ3 ) for comparitotal waveform length in Table 1 . Note that the computed son between measured and modeled permittivities. value of f s may exceed the actual operating bandwidth of the TDR cable tester, which for the 1502B is 2.5 GHz (Kelly et al.,
Analysis Procedure
1995). A sample calculation using eight waveforms sampled end to end with dd ϭ 0.25 m yields 2008 total measured data The waveform transformation and analysis process is outlined in Fig. 3 . It begins in the time domain with the input points giving f min ϭ 7.5 MHz (i.e.,
where nw ϭ number of windowed waveforms). The total num-(v o ) and response (r ) functions. The response function is the Table 1 summarizes the tradeoff between resolution (sampling frequency), which requires smaller dd settings, and frequency content (i.e., minimum frequency) requiring longer waveforms. Theoretically the instrument rise time (e.g., 150-300 ps) determines the maximum frequency contained in the TDR signal, in practice however, all porous media, cables and connectors act as low-pass filters, effectively removing higher frequencies and leading to a reduced reflected signal frequency content. The effective frequency bandwidth of the Tektronix 1502B was determined by Heimovaara et al. (1994) to lie in the range of 20 kHz to 1.5 GHz. For measurements in an attenuating soil, Friel and Or (1999) found a maximal frequency bandwidth of about 1 GHz.
The Input Function
Specification of the input function, v 0 (t ), is required for the solution of the scatter function (Eq. [2]) in the frequency domain. The input function in the time domain describes the unaltered signal generated by the TDR and presumably propagating in the impedance matched cables along the transmission line to the beginning of the soil sample. It may be obtained by removing one of the conductors from the probe (Heimovaara et al., 1994) providing a distinct reflection at the probesoil interface shown in Fig. 4 . A more recent derivation of an input signal based on a waveform measured both with the central conductor removed, v oc , and then shorted, v sc , was suggested (Feldman et al., 1996) to be valid only for impedancematched probes (Weerts et al., 2001) , given as
In either case, removal of one of the conductors is generally not practical using conventionally manufactured TDR probes. An alternate approach is to generate an artificial input function (v a ), which can be estimated using the waveform measured with the probe in air (Fig. 4) . This provides an estimate of the initial rising slope of the input function waveform. This slope is important in determining the magnitude of the resulting scatter function, though it has less impact on the scatter function character (harmonics) important in characterizing permittivity. The slope is frequency dependent and largely influenced by cable length and may shift horizontal position as a result of cable temperature changes such as often occur in beginning of the rise in v a and a term describing the inverse of the rise time of the pulse, ␣, given by ber of data points in the final waveform, before Fourier transformation must be greater than or equal to the number of
points in the original measured waveform, N, and equal to a positive integer power of 2 (i.e., 2 k where k is an integer). For the case of 2008 data points, the next largest value is 2048
The parameter ␣ is estimated by fitting the rising slope of the (i.e., 2 10 ϭ 1024 and 2 11 ϭ 2048). The additional data points artificial input function to that of a waveform measured in air. between 2048 and 2008 are assigned zeros or "zero-padded" in the time domain, which avoids aliasing errors and correWaveform Preparation and Discrete Fast sponds to ideal interpolation in the frequency domain. AliasFourier Transformation ing errors occur when the sampling frequency of the waveform transformation is lower than twice the highest frequency conTime domain waveform transformation to the frequency domain is accomplished using a DFFT technique. The DFFT tained in the signal (i.e., Nyquist frequency). the complex permittivity is the only unknown and may be described using either Debye (1929) or Cole-Cole (Cole and is generally included as a standard function in modern matheCole, 1941) models. Of the five coefficients parameterizing matical software programs. Simply taking the DFFT of the the Cole-Cole model (Eq.
[6]), ␤ ϭ 0 gives the Debye model waveform measured by the TDR is problematic because in a and DC can be measured independently from signal attenuafinite series the last point of the waveform is generally nontion in the time domain. The remaining parameters are ε s , ε ∞ , zero and introduces frequency errors. Heimovaara et al. (1994) and f rel may serve as fitting parameters to fit Eq.
[3] to the used the backward differencing of the waveform with the discrete S 11 data. A detailed description and analysis for fitting assumption being that the derivative is zero at the beginning Debye parameters to synthesized TDR waveforms was given and end of the data. In general, noise is enhanced when the by Weerts et al. (2001) and Lin (2003a) . Details on parameter derivative of two similar quantities is taken in digital systems selection for inverse modeling of TDR waveforms are also and therefore Nicolson (1973) suggested simply subtracting a described by Huisman et al. (2002) . Due to the difficulty of ramp from the step response illustrated in Fig. 5 . The linear locating a global minimum objective function in a multiramp [i.e., W(N ) ϫ (n/N )] is subtracted from the original parameter optimization, only three parameters were allowed waveform W(n ) at each point, n (0 Ͻ n Ͻ N ), and is scaled to vary where the objective function minimized the sum of according to the reflection coefficient of the final point in the squared differences between the transformed S 11 measurewaveform, N. To ensure a final value of zero the modified ments and the modeled S 11 described by Eq.
[3]. The con-
straints of the optimization were: ␤ ϭ 0, ε ∞ ϭ 5, 6 Ͻ ε s Ͻ 50, A key feature of this algorithm is that the DFFT of W*(n ) 1e 7 Hz Ͻ f rel Ͻ 18e 9 Hz and 0.01 dS m Ϫ1 Ͻ DC Ͻ 10 dS m Ϫ1 , produces the same response as an infinite train of samples with initial conditions ε s ϭ 30, f rel ϭ 2e 9 Hz and DC ϭ 0.1 dS truncated out, so for frequencies ϭ n o , there is no error m
Ϫ1
. We used the static permittivity parameter to represent (Nicolson, 1973) . After applying the Nicolson ramping algothe measured bulk permittivity of a sample in our analysis rithm or differentiating both input and response functions, assuming the relaxation frequency lies within or to the right waveforms are zero padded as described previously. The waveof the TDR frequency bandwidth. This analysis is in contrast forms are transformed using DFFT yielding the frequencyto the approach, by Weerts et al. (2001) , who used ε ∞ to repdependent response function, R( f ), and input function, V o ( f ) resent the bulk permittivity. that when divided yield the scatter function, S 11 ( f ), following
As an alternative to the multi-parameter fitting, we also Eq. [2] . evaluated a RFA approach based on S 11 harmonics. Harmonics indicated by the real component of the S 11 equal to Ϫ1 are Dielectric Permittivity Determination related to the quarter-wavelength frequencies described by Heimovaara et al. (1996) . We used the half-wavelength freThe cyclical structure of the S 11 harmonics provides definition needed for permittivity determination. One common apquency indicated by 'troughs' in the magnitude of the complex scatter function to serve as markers for approximations of the proach is what we term scatter function fitting (SFF) using Note that precise calibration of L and accurate determination of f * is important when using shorter probes to reduce errors
Results presented in Table 2 show that the use of v a as in ε estimation because the terms are squared in Eq.
[10].
the input function provides both larger and smaller SSE for the scenarios tested here. Our analysis showed that the amplitude and slope of the S 11 to be the major effect
RESULTS
introduced by perturbations in the slope of the artificial input function. The error introduced using an artificial
Input Function Selection and
input function on permittivity estimation appears to be
Waveform Preparation
minor because the permittivity determination is largely Waveforms were obtained from measurements in a function of the scatter function wavelength. well-characterized liquids (i.e., water and ethanol) to compare different input function options and waveform
Scatter Function Fitting preparation techniques. The use of an artificial input
Three-wire TDR probes were used to obtain wavefunction, v a , was compared with an input function meaforms in saturated sand with different solution electrical sured in air using a coaxial or three-wire probe with no conductivities. The resulting scatter functions using a central conductor, v 0 , (see Fig. 4 ) and using water to 3-cm probe with two different w levels are illustrated generate the response function, r. The resultant scatter in Fig. 6 where the S 11 harmonic signature and amplitude functions in each case (i.e., R/V a ϭ S 11,a and R/V 0 ϭ S 11,0 ) diminish with increasing w . Despite the increased diswere compared with the modeled scatter function, S 11,cc , persion of the data beyond about 1.5 GHz (practical using known Cole-Cole parameters for water and ethaupper frequency range), there is sufficient definition nol (Friel and Or, 1999) as reference. The sum of (i.e., amplitude) in the scatter function for reliable fitting squared errors (SSE) were obtained from the sum of of the Cole-Cole or Debye models. The dominant fitting differences squared (i.e., [S 11,cc Ϫ S 11,0 ] 2 and [S 11,cc Ϫ S 11,a ] 2 ), features in the S 11 for extracting permittivity information over the frequency range from 3.6 MHz up to 1.2 GHz.
are the 'trough' locations referred to as half-wavelength The results shown in Table 2 demonstrate there is little frequencies, which are related to probe length and perdifference between either of the two waveform preparamittivity. For an increase in probe length and in solution tion techniques (i.e., Nicolson ramp vs. Differentiation) electrical conductivity, w , signal attenuation becomes and that the artificially generated input, v a , is a reasongreater and the effect is reduced S 11 amplitude and integable alternative to the input function, v 0 , obtained with rity, and eventually fitting fails due to both a lack of the central conductor removed. definition in the S 11 data and in the modeled S 11 . The We suggested earlier using the waveform of an intact S 11 character is preserved to much higher b levels in probe measured in air to model the rising slope of v 0 the frequency domain than the waveform second reflec- (Fig. 4) using Eq. [9] . As a reference, we use the slope tion in the time domain under similar conditions. of v 0 , measured without the center conductor, and match the slope of v a to v 0 . To test the influence of slope es-
Resonant Frequency Analysis
timation errors on the SSE, we additionally imposed a slope error of Ϯ25% in v a and produced scatter functions Resonant frequency analysis relies on the half-wavelength frequency described in Eq. [10] . Figure 7 shows using v a , v aϩ25% , and v aϪ25% thereafter computing the SSE comparing the Debye modeled S 11 for water and ethanol.
S 11 data for 12 and 48 dS m Ϫ1 solution electrical conduc-mittivity from TDR measurements in soils to the presence of ions in solution (dc conductivity) and to dielectric losses. The benefit of extending the permittivity measurement range under saline conditions comes at the sacrifice of time domain analysis capability, where shorter probes suffer from reduced accuracy or fail completely using TTA evidenced by the lack of data in Fig. 8b and 8d . All TTA results diverge for solution electrical conductivities greater than 12 dS m Ϫ1 and also show a general increase in ε b with increasing b .
In Fig. 9 , results from RFA analysis are compared with SFF with a 1:1 line plotted as reference. Filled symbols represent measurement in Millville silt loam, which are generally over predicted using RFA compared with SFF. Determinations in sand (empty symbols) show improved correlation between the two fre- function of many factors (e.g., bound and free water content, media characteristics, cable tester characteristivity in Millville silt loam using a 3-cm probe. To illustics) and lies within the range of 20 kHz to 1.5 GHz for trate RFA, we analyze the 48 dS m Ϫ1 scatter function the Tektronix cable tester (Heimovaara et al., 1994) . in Fig. 7 where the harmonic trough in the S 11 correPermittivity values obtained from time domain analysis sponds to an approximate frequency of 0.84 GHz. The and frequency domain analysis of the waveforms using resulting permittivity using L ϭ 0.03 m and f* ϭ 0.84 a 19.6-cm coaxial cell were compared with network anaGHz is 35.4 using Eq. [10] . Using a more precise deterlyzer measurements (NAM). Real NAM permittivities mination of L (0.0335 m) and f* ϭ 0.815 GHz, obtained at 0.5, 1.0, and 1.5 GHz frequencies are listed in Table 3 by fitting tangent lines through the rising scatter funcfor saturated Millville silt loam soil at temperatures of tion data on both sides of the estimated f* value, yields 5, 25, and 45ЊC. Network analyzer measurements values a value of ε x ϭ 30.2, which is much closer to the Debye decrease with increasing temperature as expected from modeled value ε s of 29.9. Calibration of the probe length, the dielectric temperature response of free water. The L, was suggested to be more accurate using measurehigher measurement accuracy associated with TDR usments in air and water at known temperature (Robinson ing TTA shows reduced ε b but with a similar temperaet al., 2003b) . The determination of ε using the RFA ture-dependent response to the NAM values. Dielectric approach provides a more rapid though less informative determinations using SFF and RFA produced a tempermethod for permittivity evaluation, forgoing the fitting ature response that was opposite or inconsistent with procedure using parameters of the Cole-Cole or Deexpectations, but overall, reasonable correlation was bye models.
found with all four measurement techniques. A summary of the bulk permittivity determinations using SSF and TTA are compared in Fig. 8 for both
Additional Considerations and Limitations
saturated Milville silt loam and sand where each determination is given as a function of solution electrical
The use of short TDR probes coupled with frequency conductivity. As a reference, we refer to the TTA deterdomain analysis of TDR waveforms facilitates an extenminations obtained using the 15-cm probe ( w ϭ 0 dS sion of permittivity measurements at higher levels of m Ϫ1 ), which were approximately 27 and 29, respectively. soil bulk electrical conductivity (salinity). In spite of comIn the frequency domain analysis using SFF shown in plications in processing waveforms and fitting model pa- Fig. 8a and 8c, permittivity determinations using longer rameters, which requires a number of steps including probes fail and diverge as a function of probe length.
Fourier analysis and optimization, much of the proceAll determinations using SFF are below the reference dure may be automated for rapid processing and direct values using TTA at lower w . Individual scatter funcoutput using TDR analysis software. The inference of tions for the 3-cm probe contained the greatest detail water content from permittivity determination using for analysis of permittivity extending determinations to short probes and frequency domain analysis will likely higher w levels approaching 50 dS m
Ϫ1
. Results from the require more effort than application of the commonly 2-cm probe gave slightly lower permittivity estimates, used equation of Topp et al. (1980) . In addition to the which likely resulted from the half-wavelength exinfluence of bound water common in clayey soils, ionic tending beyond the TDR frequency range (e.g., Ͼ1
conduction, and potentially Maxwell-Wagner effects will be greatly magnified and may artificially enhance GHz). Topp et al. (2000) attributed the increased per- or otherwise alter the measurement of permittivity. Adquency and permittivity from Eq.
[10]. The interplay between probe length and resonant frequency suggests vanced and perhaps more comprehensive modeling approaches are needed for a rigorous and physically based that as permittivity decreases (dryer soil) the minimum probe length (resonant frequency) increases, which narpermittivity-water content relationship in high surface area and lossy porous media.
rows the useful range of frequency domain analysis under lower permittivity or dryer conditions. This limitaPhysical limitations of the frequency domain analysis approach are demonstrated in Fig. 10 using a plot tion, however, is offset by the commensurate reduction in bulk soil electrical conductivity that occurs with deof the relationship between probe length, resonant frecreasing soil water content. Optimal probe length is largely a function of measurement frequency, signal attenuation and porous medium dielectric with 10-to 15-cm probes lengths being optimal for non-saline soils and probes as short as 3-cm for saline soils or lossy conditions. This 'optimal' probe length is bounded by length, signal attenuation and porous medium dielectric with 10-to 15-cm probe lengths being optimal for congreater attenuation with increasing probe length and ventional measurements in the time domain and probes maximum signal frequency (e.g., below 1.5 GHz for as short as 3 cm for highly lossy conditions when consid-TDR).
ering frequency domain analysis. Critical scatter funcThe magnitude of the change in electrical conductivity tion characteristics using a 2-cm probe were partially as a function of water content inferred from permittivity lost as the resonant frequency approaches the upper can be illustrated using a simplifying example. We apply TDR frequency band. The procedure outlined here can the empirical relationship of Topp et al. (1980) describbe automated and implemented as a subroutine in TDR ing the volumetric water content ( v ) of mineral soils in measurement and analysis software. Refinement of terms of ε b , written as probe characteristics (length, geometry) for reducing S 11 noise and automation and refinement of fitting proce-ϭ Ϫ5.3 ϫ 10 Ϫ2 ϩ 2.92 ϫ 10 Ϫ2 ε b Ϫ 5.5 dures are areas of ongoing research. ϫ 10 Ϫ4 ε (e.g., under moderate b levels). 
